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Abstract

Membrane-type acoustic metamaterials are well known for low-frequency sound insulation. In

this work, by introducing a flexible piezoelectric patch, we propose sound-insulation

metamaterials with the ability of energy harvesting from sound waves. The dual functionality of

the metamaterial device has been verified by experimental results, which show an over 20 dB

sound transmission loss and a maximum energy conversion efficiency up to 15.3%

simultaneously. This novel property makes the metamaterial device more suitable for noise

control applications.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Noise has long been a nuisance for humans. For low-fre-

quency sound insulation, thick and heavy blockage materials

have to be used according to the mass density law. Hence, a

thin and light-weight insulation material that can break the

mass law is of great interest for noise control. In recent years,

the development of acoustic metamaterials has provided a

promising direction for low-frequency sound insulation [1–8].

Based on the local resonance mechanism, acoustic metama-

terials achieve sound insulation in the form of total reflection.

As an example, membrane-type acoustic metamaterials are

composed of a thin membrane with one or multiple rigid

masses attached to the membrane. Compared with ordinary

insulation materials, they can exhibit very strong acoustic

attenuation in a deep sub-wavelength distance [5, 13–23].

From a practical point of view, sound insulation and energy

retrieved from these noises are compatible and should be

preferable. The realization of this dual functionality is pos-

sible since the structure resonance usually causes the

enhancement and localization of the deformation energy,

which can be readily retrieved with energy conversion

devices.

Advances in the structure-borne sound regime have been

achieved regarding this issue. Gonella et al [9] introduced

piezoelectric cantilevers into a solid lattice structure to harvest

energy within the band gap. Carrara et al [10] used a para-

bolic acoustic mirror (PAM) to focus the structure-borne

wave energy and harvested the energy localized in the region

of imperfection in aluminum stubs. Mikoshiba et al [11] used

an array of resonators to harvest energy with electromagnetic

induction. Ahmed et al [12] embedded piezoelectric wafers in

the soft matrix of an acoustic metamaterial and achieved a

dual mode of acoustic filter and an energy harvester

simultaneously.

Regarding the dual functionality of membrane-type

acoustic metamaterials, Ma et al have made a first attempt at

the simultaneous control of acoustic absorption and energy

harvesting, with the latter mechanism based on electro-

magnetic induction [22]. In this work, we focus on sound

isolation and energy harvesting based on piezoelectric
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materials. The design and evaluation of this metamaterial

device will be studied by both numerical and experimental

methods.

2. Design of the device

The basic structure of the device consists of a pre-stretched

thermoplastic polyurethane (TPU) circular membrane with a

diameter of 50 mm and a thickness of 0.07 mm. The boundary

of the membrane is fixed by a rigid aluminum ring, and two

aluminum sheets with a diameter of 10 mm and a thickness of

2 mm are attached to the center of both sides of the mem-

brane. Young’s modulus, Poisson’s ratio and the mass density

of the TPU are respectively 3(1+ηs) GPa, 0.38, and

1250 kg/m3, where ηs is the loss tangent. Numerical simu-

lation results of the normal-incidence transmission coefficient

of the structure are shown in figure 1 in the case of the pre-

stress 64.3 MPa for the membrane. This model structure, first

proposed by Yang et al, is termed as membrane-type acoustic

metamaterial, and is well known for sound insulation due to

the negative mass density between the resonance frequency

432 Hz and anti-resonance frequency 684 Hz. In the absence

of the membrane loss ηs=0, the sound insulation is least

effective around the resonant frequency 432 Hz where com-

plete acoustic transmission can be achieved. When the

membrane loss is introduced, the transmission loss near such

a frequency can be significantly enhanced due to energy

dissipation in the membranes. As a result, high transmission

loss in a broad band can be obtained without the defection

near the resonant frequency. The purpose of this work is to

retrieve this part of the energy, instead of having it dissipate,

and to propose a metamaterial device capable of both sound

insulation and energy harvesting.

Figure 2 shows the displacement and strain energy dis-

tribution in the line across the center of the membrane at the

first three-order resonant frequencies of the membrane struc-

ture. It can be observed that the strain energy of the bending

deformation is greatest in the perimeter region of the central

mass. In the membrane loss case, the strain energy in this

region will intensively dissipate, as a result of the enhanced

transmission loss near the resonant frequency. Our idea is to

harvest this part of the strain energy with flexible PVDF

piezoelectric materials. To this end, PVDF materials with an

outer diameter of 15 mm and a thickness of 0.05 mm are

attached on both sides of the membrane and encircling the

central mass, as shown in figure 3. Rather than the hard PZT

material with the higher conversion efficiency, the Flexible

PVDF is used here to avoid the alteration of the mode shape

of the membrane structure.

As a theoretical explanation, assume that the added

PVDF membrane has a negligible effect on the vibration of

the TPU membrane. We can obtain the membrane’s dis-

placement by numerical simulation in response to incident

acoustic waves at first. Then, the deformation of the piezo-

electric membrane can be evaluated with the Lagrange–Green

Figure 1. Acoustic transmission of the membrane-type metamaterial
in the case of different loss tangent ηs=0, 0.1, and 0.5.

Figure 2. First three-order mode shapes of displacement and strain
energy along the central line of the membrane structure.

Figure 3. The proposed metamaterial device.
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strain tensor S
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1

2
1[ ] ( )=  +  +  ⋅ 

Considering the thickness-polarized piezoelectric state,

the electric displacement is given by

D eS E 2( )e= +

where E, ε, and e are respectively the electric field,

permittivity and piezoelectric stress constant. The electric

charge output can be calculated using Gauss’s law [19, 20]

Q t D x yd d 3
S

3

e

∬( ) ( )=

where Se is the area covered by the electrode on the PVDF

membrane. The voltage output is U=Q/C where the

capacitance is C=εSe/h, and h is the thickness of the

piezoelectric material. We define the local voltage

U
hD

4local
3 ( )
e

=

and substitute it into equation (3) to get the voltage output

U
S

U x y
1

d d 5

e
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The result shows that the net voltage output is the aver-

aging of the local voltage. This confirms that the PVDF film

should be attached onto those regions with high strain energy.

For numerical verification of acoustic energy harvesting,

numerical simulations are conducted based on Acoustic-

Piezoelectric Interaction Modulus of COMSOL Multiphysics.

Two PVDF patches are loaded with identical resistors R. The

energy dissipated by the resistor can represent the energy

harvesting capacity of the device. Figure 4 shows the energy

dissipation in the case of five different resistor values. It can

be seen that the energy output in the case of 10MΩ is greater

than those in other cases. The reason is that the PVDF patch

behaves as a capacitor and the external circuit is a pure

resistor. The maximum harvested energy output, in this case,

is as a result of the impedance matching between the termi-

nated circuit and the PVDF patch [24].

3. Experimental results

In the experiment, a TPU membrane with a thickness of

0.07 mm is used. The procedure to apply the pre-stress on the

membrane is as follows. The membrane is covered on one

side of a hollow aluminum cylinder with the other side

enclosed. The air pressure in the cylinder is enhanced with a

pump and the pressure value is accurately tuned by an E/P
Converter. The pre-stress in the membrane can be calculated

from the known air pressure in the cylinder. Then a rigid

circular ring is stuck onto the stretched membrane. After a

few hours, the pressure vessel can be deflated and a mem-

brane with uniform pre-stress is obtained. The TPU mem-

branes with two different pre-stresses of 64.3 and 42.0 MPa

are fabricated. For each sample, two circular PVDF patches

with an outer diameter of 15 mm are attached to the center of

both sides of the membrane. Two identical aluminum cylin-

ders with a diameter of 10 mm and a thickness of 2 mm are

glued onto the membrane, acting as the central mass. Each

PVDF patch is loaded with a resistor of 1 MΩ. Acoustic

scatterings of the sample are measured with a B&K 4206T

impedance tube. The voltage output from the PVDF patch is

measured with a National Instrument USB-6356 DAQ sys-

tem. The configuration of the measurement system is shown

in figure 5.

Figure 6 shows the energy transmission, reflection, and

absorption spectra of two metamaterial samples. Transmission

and absorption in the case of the membrane stress of 64.3 and

42.0 MPa reach their maximum values at the sample’s first

resonant frequencies of 432 and 356 Hz, respectively. The

absorption peaks are almost up to 0.5, which can be attributed

to the energy-harvesting capability of the device, as verified in

figure 7, where the corresponding peaks of the voltage output

can be clearly observed. The above experimental results have

demonstrated that the proposed metamaterial devices can not

only block sound waves with over 20 dB STL, but harvest

acoustic energy using the membrane’s resonant behavior.

This dual functionality is desirable for noise control.

Finally, we attempt to evaluate the energy conversion

efficiency of the metamaterial device. Here, the energy con-

version efficiency c is defined to be the ratio of the output

electrical power We and input acoustic power Wa, and given

by

c
W

W

U R

S p c

2
6

e

a

e
2

m e
2

0 0
2

( )
r

= =

where Ue is the output voltage of the PVDF patches,
ρ0c0

2=1.5464×105, and Sm is the cross-section area of

the impedance tube. Figure 8 shows the energy conversion

efficiency as a function of frequency. It can be seen that the

maximum efficiencies of 15.3 and 10.3% are obtained for

both samples. The results make the proposed device a

potential candidate for energy harvesting in noise

environments.

Figure 4. Energy dissipation by the resistors with different values
of R.
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We would like to emphasize that the structure considered

in this work is different from the structure reported by Ma

et al [22]. In our model, the membrane is arranged in an

infinite air background. However, the membrane encloses an

air cavity in Ma’s structure [22]. This difference in their

model geometry results in a big difference in their acoustic

absorption ability. For the membrane model without the

enclosed cavity, like ours, we have demonstrated in theory

Figure 5. Configuration of the metamaterial device and measurement system.

Figure 6. Energy transmission, reflection, and absorption spectra of
the metamaterial device with different membrane stresses of 64.3
and 42.0 MPa.

Figure 7. The output voltage from the metamaterial devices.

Figure 8. Energy conversion efficiency of the metamaterial device
with different membrane stresses of 64.3 and 42.0 MPa.
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that the upper limit of their acoustic absorption is half of the

incident power, whatever the values of the losses of the

membranes are [17]. This limit always exists as long as the

continuous velocity condition across the membrane exists.

While for Ma’s structure [22], the continuous condition does

not exist, so their absorption coefficient can be unity. The idea

of energy harvesting is to harvest the energy that should have

been absorbed by the membrane. As a result of the difference

in the absorption limit, the maximum sound energy-harvest-

ing efficiency of 15.3% for ours is lower than in Ma’s

structure (23%) [22]. But this does not mean that the proposed

model is inferior.

4. Conclusions

We have proposed a novel metamaterial device capable of

both sound insulation and energy harvesting. The proposed

device exhibits a substantial sound insulation ability, STL

over 20 dB below 1.6 kHz, and is able to convert acoustic

energy into electric energy with the maximum conversion

efficiency up to 15.3% near the resonant frequency 356 Hz of

the metamaterial. These novel properties make the metama-

terial devices suitable for use in loud noise environments such

as airports, highways, and factories, etc.
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